Introduction
The global concerns about endocrine disruptors that mimic the effects of the natural estrogen also focus on organic molecules of different chemical structures with wide industrial applications. Molecules whose chemical structures consist of two phenolic rings joined together through a bridging carbon are diphenylalkanes. These compounds are currently among the leading chemicals in plastics and potential exposure of humans to estrogenic bisphenols is becoming a significant issue. The representative compound, 4,4′-isopropylidenediphenol (bisphenol A, BPA) is a primary raw material used for the production of polycarbonates, epoxy resins, phenolic resins, polyesters, and polyacrylates. 1 Besides, BPA is also used as stabilizing material or antioxidant for many types of plastics, such as polyvinyl chloride. 2, 3 BPA has cell-transforming and genotoxic activities in animal models. 4 Such activities can also alter the adult reproductive system in mice. 5 Investigations focused on contact dermatitis caused by epoxy resin based on diphenylalkanes have also been reported. 6, 7 4-Nonylphenol (4-NP) is the biodegradation product of non-ionic surfactants, 8 and it has also been reported to show estrogenic activity as well as environmental persistence. 9, 10 The general structures of these endocrine disruptive compounds are presented in Fig. 1 .
The aim of this study was to develop a method for the simultaneous determination of a variety of phenolic compounds in plastic and rubber products. Till now, no paper has described the simultaneous determination of bisphenolic compounds and 4-NP, except one for BPA and BPF. 11 Among the methods for BPA assay, gas chromatography-mass spectrometry (GC-MS), 2, 12, 13 high-performance liquid chromatography (HPLC)-fluorometry 14, 15 and HPLC-UV 16, 17 methods are commonly used. Recently, HPLC-electrochemical detection (ECD) for determination of BPA has been developed. 18 In this study, we developed a method for simultaneous determination of BPA, BPB, BPE, BPF, and 4-NP. The method consists of precolumn derivatization of the analytes, solid-phase extraction and subsequent chromatographic analysis by HPLC with fluorescence detection. BPZ was used as an internal standard (I.S.). Fluorescence derivatization was carried out using 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride (DIBCl) as a labeling reagent. DIB-Cl reacts with phenols in the presence of triethylamine to produce highly fluorescent derivatives. SPE was applied to remove the excess labeling reagent. Isocratic separation of the derivatives were carried out on a semi-micro ODS column within 30 min using CH3CN-0.1 M Tris buffer (pH 7.0)-MeOH-tetrahydrofuran (60:10:30:1.5, v/v) as an eluent. The proposed method was applied to the determination of phenols in plastic samples.
Experimental

Chemicals
Bis(4-hydroxyphenyl)ethane (BPE), bis(4-hydroxyphenyl)- A highly sensitive and selective method for simultaneous determination of some hydroxyl group-containing endocrine disruptors, including bisphenol A (BPA), bisphenol B (BPB), bisphenol E (BPE), bisphenol F (BPF) and 4-nonylphenol (4-NP), was developed. The method consists of precolumn derivatization of the analytes, solid-phase extraction (SPE) and subsequent chromatographic analysis by high-performance liquid chromatography (HPLC) with fluorescence detection. 4,4′-Cyclohexylidenebisphenol (BPZ) was used as an internal standard. Derivatization was carried out using 4-(4,5-diphenyl-1H-imidazol-2-yl)benzoyl chloride (DIB-Cl) as a label. Parameters of the derivatization reaction (temperature, time, concentration of reagent, stability, etc.) and of the solid-phase extraction (recovery, solvent, etc.) were studied in detail. Detection limits of compounds studied in standard solutions ranged from 0.08 -1.3 ppb (ng/ml). The proposed method was successfully applied to plastic samples; BPA was found in both polycarbonate and polyvinyl chloride plastics, while 4-NP was found in plastics made of polyvinyl chloride and another polymer. , and 4-nonylphenol (4-NP, a mixture of the isomers) were purchased from Tokyo Kasei Kogyo (Tokyo, Japan). Acetonitrile (CH3CN), triethylamine and methanol were of HPLC grade from Wako Pure Chemical Industries (Osaka, Japan). Tetrahydrofuran (THF) was obtained from Kishida Chemicals Co. (Osaka, Japan). DIB-Cl was synthesized in our laboratory as reported previously. 19 Water was passed through a pure line WL21P (Yamato Sciences, Tokyo, Japan). The other chemicals used were of analytical reagent grade.
All standard stock solutions were prepared in acetonitrile and used after proper dilution with the same solvent.
Apparatus
The HPLC system consisted of an HPLC pump (LC-10ADVP, Shimadzu, Kyoto, Japan), a Shimadzu RF-10AXL fluorescence detector, a 7125 injector with a 5-µl loop (Rheodyne, Cotati, CA, USA), and a Rikadenki R-01 recorder (Tokyo, Japan). Chromatographic separations were carried out on a Develosil ODS-5 column (250 × 1.5 mm i.d., Nomura Chemical Co., Ltd., Seto, Japan). The DIB derivatives were isocratically separated with CH3CN-0.1 M Tris buffer (pH 7.0)-MeOH-tetrahydrofuran (60:10:30:1.5, v/v) as an eluent at a flow rate of 0.10 ml/min and monitored at λex 350 and λem 470 nm.
An Aligent 1100 Series fluorescence detector (Hewlett Packard, Waldbronn, Germany) connected with a chemistation computer system was used for multi-wavelength fluorescence detection. A Vac-Elut SPE vacuum manifold (Varian, Harbor City, CA, USA) was used for the elution of SPE columns.
Plastic sample pretreatment
Each plastic sample was cut into small pieces and a proper portion (ca. 0.2 g) of each was dissolved in 5 ml of THF. Thereafter, a 45-ml volume of ethanol was slowly added to the solution to precipitate the dissolved polymer. After centrifugation, the supernatant was evaporated to dryness and then reconstituted in 10 ml of acetonitrile. Spiked plastic samples were prepared by adding the stock solution of each compound in THF to 0.2 g of plastic samples over the concentration range of 0.25 -1000 µg/g; then a 45-ml volume of ethanol was added, followed by centrifugation as described above.
Derivatization reaction
A 10-µl aliquot of 2.0 ppm BPZ standard solution (I.S.) was transferred into a mini amber reaction vial and evaporated. To the residue, 100 µl of each sample solution and 100 µl of 10 mM DIB-Cl suspension in acetonitrile were added; each mixture was then reacted for 20 min at room temperature using 5 µl of 3 M TEA in acetonitrile as a catalyst. To the reaction mixture, a 10-µl volume of 25% ammonia solution was added to stop the reaction, then a 10-µl volume of 1 M hydrochloric acid was added for neutralization.
SPE treatment
Cartridges packed with C18 resin (100 mg/1 ml, Varian) were used for solid-phase extraction. Cartridges were placed on a vacuum manifold, conditioned with 5 ml of methanol and 5 ml of pure water.
Thereafter, the reaction mixture after derivatization was applied onto the cartridge followed by washing with 5 ml of 70% CH3CN aqueous solution. Excess of washing solution was removed by suction for 2 min. The compounds retained were eluted with 400 µl of CH3CN. A 5-µl portion of the extracts was then injected onto the HPLC system.
Results and Discussion
Chromatographic separation
A good separation for all the compounds applied was obtained with an isocratic elution using CH3CN-0.1 M Tris buffer (pH 7.0)-MeOH-THF (60:10:30:1.5, v/v). 4-NP used is a mixture with its isomer which has a branched side chain; consequently, under the separation condition, it appeared as two peaks in the chromatogram. Since the individual pure standard compounds are currently not available, quantification was carried out by measuring the peak height of the overlapped peaks.
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Derivatization
In this study, parameters affecting the derivatization were investigated on the relative fluorescence intensity (RFI) as a peak height. Reactions were carried out at several temperatures (ambient temperature, 45˚C and 65˚C) and reaction times (10, 20, 30 , 40, 50, 60 min); maximum and constant RFI could be obtained at room temperature for 20 min, which was selected for the following experiments (Fig. 2) . DIB-Cl was insoluble in acetonitrile at higher concentration than 1 mM, so we used it as a suspended solution. Different concentrations of DIB-Cl (5, 7.5, 10, 15, 20 mM) were investigated (Fig. 3) . Maximum and constant RFI could be obtained at 10 mM of DIB-Cl or more; 10 mM was selected for the following experiment. As shown in Fig. 1 , the derivatization reaction of BPA (represents bisphenolic compounds) with DIB-Cl would produce a dilabeled derivative as long as DIB-Cl and BPA are allowed to react at the molar ratio equal to or more than 2; this has been proved by the results of elemental analysis as well as the mass spectrum in our previous study. 20 The stability of each derivative in the reaction mixture was also investigated at room temperature in the dark. Since no decrease in fluorescent intensity was observed with the elapse of time after the derivatization, the derivatives were confirmed to be stable for 48 h in the dark.
Optimization of SPE
According to our previous study for trace analysis of BPA, SPE treatment was applied to remove the excess unreacted labeling reagent which appeared in the chromatogram as a broad band and caused decrease in sensitivity of the detection. 20 In this study, optimal parameters of SPE were examined in detail for simultaneous determination of phenolic compounds. Three different C18 cartridges (100 mg/1 ml), i.e. Bond Elut (Varian), Daisopak (Daiso) and Supelclean (Supelco), were tested. The best result was obtained with Varian cartridge, which most effectively extracted the derivatives and separated the excess unreacted reagent from them; thus, it was chosen for the following experiments. Polarity of the washing solution was evaluated by applying 50 -80% CH3CN in H2O on cartridges. Increase in polarity of the washing solution caused an unsatisfied background level in the chromatogram, while the decrease in polarity resulted in loss in recoveries of some relatively more polar compounds such as DIB-BPF and DIB-BPE; 70% CH3CN in H2O was chosen, since a helpful chromatogram was obtained. The volume of acetonitrile as an eluting solution was also examined; the amount of desorbed compounds increased with the increase in volume of eluting solution (Fig. 4) . Four hundred microliters were chosen as adequate volumes. The recoveries for SPE procedure were calculated by comparing each absolute peak height of standard with or without SPE procedure, which ranged from 64.4 -79.0% of compounds studied, as shown in Table 1 .
Linearity, precision and accuracy of the proposed method
Calibration curves were prepared with a mixture of standard solution of each compound analyzed. The limits of detection (LOD) of each compound were ranging from 0.08 -1.3 ppb at a signal-to-noise ratio of 3. These results are shown in Table 1 .
The representative spiked plastic samples were prepared by adding each compound to wrap film made of polyvinyledene chloride over the range of 0.25 -10 µg/g for BPF, BPE, BPB and 1.0 -1000 µg/g for BPA and 4-NP. Good correlation coefficients were obtained (0.999 -1.000). The precision and accuracy data obtained from replicated measurement of four different samples spiked with same concentration of standard solution are presented in Table 2 . The precision of the proposed method, as measured by the relative standard deviation (%, 699 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 Fig. 2 Effect of reaction time on relative fluorescence intensity (RFI). Sample: 500 ppb of each compound. HPLC conditions are as in Section 2. The arrow shows the optimal condition adopted. , BPF; , BPE; , BPA; , BPB; , 4-NP. Fig. 3 Effect of DIB-Cl concentration on RFI. Sample: 500 ppb of each compound. HPLC conditions are as in Section 2. The arrow shows the optimal condition adopted. , BPF; , BPE; , BPA; , BPB; , 4-NP. Fig. 4 Recovery of each compound depending on volume of the elute solution. Sample: 500 ppb of each compound. HPLC conditions are as in Section 2. The arrow shows the optimal condition adopted. , BPF; , BPE; , BPA; , BPB; , 4-NP; , BPZ.
R.S.D.), was 9.1% or better for all points measured. Assay accuracy was found to be within 6.0% for all spiked samples. LODs based on 0.2 g of the amount of plastic products ranged from 9.4 -130 ng/g. The sensitivity for BPA of the proposed method could be increased ca. 300 -1000 times compared to HPLC-UV detections, 16, 17 200 times compared to HPLCfluorescence detection, 15 and ca. 75 times compared to GC-MS. 2 However, the GC-MS method needs large sample volume and a tedious sample preconcentration step. 12, 13 Recently, HPLC-ECD has been developed with higher sensitivity of 0.01 ng/ml obtained from BPA standard solution, 18 but to our knowledge, no publication has described the application of HPLC-ECD to the analysis of plastic material.
Determination of phenolic compounds in plastic samples
Plastic samples determined were all commercially available. Amounts of BPA and 4-NP in plastics are listed in Table 3 . A representative chromatogram of PVC sample (wrap film) is shown in Fig. 5 . In this study, other compounds tested could not be found in plastics. BPA concentrations in polycarbonate products ranged from 2.9 to 20.0 µg/g, which are comparable with results in other publications, 15, 16 while in polyvinyl chloride products BPA concentrations ranged from 60.5 to 290.1 µg/g. Polyvinyl chloride products contained a maximum 100-fold higher concentration of BPA than that of polycarbonate. This might be because BPA is used as a monomer for polymer condensation in the manufacture of polycarbonate, and after the polymerization, only a small amount of BPA monomer may still exist, while in the manufacture of PVC plastics, BPA is used as a stabilizer. 2 BPA was not found in the plastic products made of other polymers. 4-NP was found in PVC products in amounts ranging from 27.3 to 1028.0 µg/g; this was supported by the result in Lierop's report that 4-NP was found in PVC samples. 21 In polycarbonate baby bottles and plastic products made of other polymers, 4-NP was not detected except in the storage bag made of polyethylene. Since we lack information on the composition of each product under investigation in this study, it is difficult to assess the relationship between the composition and the amount of BPA and 4-NP in each product. However, findings of 4-NP in PVC products indicated that plastic with better transparency and flexibility showed higher concentration of 4-NP inside the material. The US Environmental Protection Agency has set the acceptable daily intake (ADI) of BPA as 0.05 mg/kg/day. 22 Based on FDA's assumption that a typical individual weight of adult is 60 kg, ADI is calculated to be 3.0 mg/day. Comparing with ADI, concentration of BPA migrate from the plastic products studied are supposed to be very low, and thus might not seriously affect human health. However, the problem caused by endocrine disruptors is that even small amounts of BPA might have some serious effects on infants or babies.
Peaks of DIB derivatives of BPA and 4-NP in plastic samples were identified by comparing with those of standards using a multi-wavelength fluorescence detector with 3-dimentional spectra. The results showed that they were overlapped completely with their standards in the excitation and emission spectra. Purity of each peak was also evaluated to be more than 99%, except that BPA was 98%.
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Conclusion
A highly sensitive and selective method for simultaneous determination of BPA, BPB, BPE, BPF and 4-nonylphenol was developed. Detection limits of compounds studied in standard solutions were ranging from 0.08 -1.3 ppb (ng/ml). BPA and 4-NP were observed at the maximum concentrations of 290.1 µg/g and 1028.0 µg/g in polyvinyl chloride products, respectively. The estrogenicity of bisphenol polymers might be due to their nonpolymerized monomers or may occur by chemical degradation. Polycarbonates and epoxy resins can be mechanically and thermally degraded, which is the major problem in their application. Thus, environmental contamination by these estrogenic disruptors must be monitored strictly.
